Several biofuel cropping scenarios were evaluated with an improved version of Soil and Water Assessment Tool (SWAT) as part of the CenUSA Bioenergy consortium for the Boone River Watershed (BRW), which drains about 2,370 km2 in north central Iowa. The adoption of corn stover removal, switchgrass, and/or Miscanthus biofuel cropping systems was simulated to assess the impact of cellulosic biofuel production on pollutant losses. The stover removal results indicate removal of 20 or 50% of corn stover in the BRW would have negligible effects on streamflow and relatively minor or negligible effects on sediment and nutrient losses, even on higher sloped cropland. Complete cropland conversion into switchgrass or Miscanthus, resulted in reductions of streamflow, sediment, nitrate, and other pollutants ranging between 23-99%. The predicted nitrate reductions due to Miscanthus adoption were over two times greater compared to switchgrass, with the largest impacts occurring for tile-drained cropland. Targeting of switchgrass or Miscanthus on cropland ≥2% slope or ≥7% slope revealed a disproportionate amount of sediment and sediment-bound nutrient reductions could be obtained by protecting these relatively small areas of higher sloped cropland. Overall, the results indicate that all biofuel cropping systems could be effectively implemented in the BRW, with the most robust approach being corn stover removal adopted on tile-drained cropland in combination with a perennial biofuel crop on higher sloped landscapes. other pollutants ranging between 23% to 99%. The predicted nitrate reductions due to Miscanthus adoption were over two times greater compared to switchgrass, with the largest impacts occurring for tile-drained cropland. Targeting of switchgrass or Miscanthus on cropland ≥ 2% slope or ≥ 7% slope revealed a disproportionate amount of sediment and sediment-bound nutrient reductions could be obtained by protecting these relatively small areas of higher sloped cropland. Overall, the results indicate all biofuel cropping systems could be effectively implemented in the BRW, with the most robust approach being corn stover removal adopted on tile-drained cropland in combination with a perennial biofuel crop on higher sloped landscapes.
Introduction
Water quality degradation is a pervasive problem that has impacted the Upper Mississippi River Basin (UMRB) stream system for decades. The Mississippi River and tributary streams have been greatly impacted by excess nitrogen, phosphorus, and sediment loadings from cropland and other sources. The nutrient load discharged from the mouth of the Mississippi River has also been implicated as the primary cause of the northern Gulf of Mexico seasonal oxygen-depleted hypoxic zone (USEPA, 2008) , which covered an average area exceeding 14,500 km 2 during 2004 to 2013 (Rabotyagov et al., 2014) and reached 20,000 km 2 in 2010 (Turner et al., 2012) . The UMRB was also reported to contribute 39 and 26% of the total nitrogen and phosphorus loads to the Gulf of Mexico during 2001 -2005 (USEPA, 2008 . Libra et al. (2004) estimated that Iowa streams contributed approximately 20% of the long-term nitrogen load to the The Boone River Watershed (BRW) is an intensively cropped region located in northcentral Iowa that is located in the Des Moines Lobe landform region, which is the southernmost extent of the North American Prairie Pothole region (Miller et al., 2009 ). An estimated 95% to 99% of the extensive wetlands, potholes and other permanently or intermittently wet depressional features that originally characterized Des Moines Lobe region landscapes have been drained with subsurface tile drains and/or surface drainage (Miller et al., 2009) . Subsurface tile drains are important pathways of nitrate from UMRB cropped landscapes (e.g., Sprague et al., 2011; Schilling and Wolter, 2005; Ikenberry et al., 2014) and are also increasingly being identified as conduits of phosphorous export (Kleinman et al., 2015) . The BRW is one of most intensively tile drained systems in the UMRB and was identified by Libra et al. (2004) as discharging some of the highest nitrogen loads during 2000-2002 among the 68 Iowa watersheds analyzed in their study.
Expanded use of perennial, small grain and/or winter cover crops within row crop cropping systems is a mitigation strategy that has been proposed for reducing nitrate and other pollutant losses in the UMRB and other Corn Belt subregions (e.g., Hatfield et al., 2009; Russelle et al., 2007) . Perennial biofuel crops are increasingly envisioned as a viable option of this overall strategy; such perennial biofuel crops have proven to greatly reduce nitrate losses in field studies (McIssac et al., 2010; Smith et al., 2013) and could effectively reduce nonpoint source pollution within the framework of cellulosic biofuel production in the emerging nexus of food, water and energy (Lawford et al., 2013; Keairns et al., 2016) . However, the only commercial-scale crop-based cellulosic biorefineries presently operating in the Corn Belt region rely only on corn stover or corn cobs (Brown and Brown, 2013 ; POET-DSM, Project Liberty:
The Future of Renewable Fuel. Accessed April 15, 2016, http://poet-dsm.com/; Dupont, Cellulosic Ethanol Plant -Nevada, Iowa. Accessed April 15, 2016, http://www.dupont.com/products-and-services/industrial-biotechnology/advancedbiofuels/cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html). Sustainable management of corn-based cellulosic systems, defined by maintaining adequate levels of crop residue on the soil surface, is required to avoid increased soil erosion, depletion of soil carbon and nutrient, and other environmental problems (Graham et al., 2007; McKechnie et al., 2015; Dale et al., 2014) .
A comprehensive assessment of perennial crop biofuel production, including feedstock development, placement of perennial crops on vulnerable landscapes and conversion of perennial feedstock into biofuels, has been conducted for the Corn Belt region within the context of U.S.
Department of Agriculture (USDA)-funded CenUSA Bioenergy Project (Moore et al., 2014) . A key component of CenUSA is the application the Soil and Water Assessment Tool (SWAT) ecohydrological model (Arnold et al., 1998; Williams et al., 2008) which has been used to simulate a wide range of water resource problems for watersheds ranging from small plots to entire continents as documented in previous review studies (e.g., Gassman et al., 2007; 2014a; 2014b; Bressiani et al., 2015; Gassman and Wang, 2015; Krysanova and White, 2015) . SWAT
was used within CenUSA to analyze cellulosic biofuel cropping systems for the BRW in the western Corn Belt, watersheds located in the eastern Corn Belt , most of the entire Corn Belt region and overall policy evaluation . .
SWAT has been used in several previous studies to simulate the impacts of cellulosic biofuel cropping systems on water quantity and water quality in the Corn Belt region. Some evolution in the model algorithms, plant parameters and/or input data assumptions are represented within this overall subset of studies, reflecting advancements over time in representing corn stover removal, switchgrass and/or Miscanthus systems in the model. Several studies in the western Corn Belt subregion (Table 1) focused on scenarios of switchgrass adoption, using lowland switchgrass cultivar Alamo crop parameters that have been distributed with SWAT for several years (Neitsch et al., 2004; Arnold et al., 2012a; Trybula et al., 2015) , and/or scenarios depicting corn stover removal which feature relevant soil property, corn yield and other input data adjustments Wu et al., 2012a; . Ng et al. (2010) further introduced the first Miscanthus crop growth parameters used in SWAT which have since been used in several additional studies (Table 1) . Shawnee as well as improved Miscanthus crop growth parameters, both of which were based on measured data collected in field plots in northwest Indiana (Trybula et al., 2015; Cibin, 2013 Lab.,Temple, TX) and have been applied at varying levels in several recent SWAT-based studies in both the eastern and western Corn Belt subregions (Table 2) including the CenUSA studies.
The BRW research presented here is the first application of SWAT that compares the impacts of corn stover removal, switchgrass and Miscanthus bioenergy cropping system for an intensively cropped watershed in the western Corn Belt subregion, that includes the bioenergy cropping system improvements incorporated in SWAT2012. The application of SWAT reported here further builds on original BRW work reported by Gassman (2008) and more recent studies by and Valcu-Lisman et al. (2016; . This study includes BRW scenarios that incorporate adoption of either switchgrass or Miscanthus, and/or analysis of the impacts of corn stover removal on cropland managed with corn production. Specifically, the primary objectives of this research are to describe: (1) model testing methods and results for crop yields, streamflow and pollutant transport, and (2) hydrologic and water quality impacts of adopting switchgrass, Miscanthus and/or corn stover removal for all cropland versus targeting these bioenergy cropping options on sensitive landscapes.
Watershed Description
The BRW drains an area of over 2,370 km 2 from six north central Iowa counties and is one of 131 U.S. Geological Survey (USGS) 8-digit watersheds (USGS, 2013) A total of 128 confined animal feeding operations (CAFOs) were located in the BRW at the time that the field survey was performed in the spring of 2005 (Table 3 ; Gassman, 2008) .
Swine operations were the dominant type of livestock operation in the BRW with over 480,000 head (Table 3) 
Description of SWAT
The SWAT model represents a fusion of physical and empirical techniques and is designed for long-term continuous watershed-scale simulations that are usually executed on a daily time step. In SWAT, a watershed is divided into multiple subwatersheds, which are then usually further subdivided into Hydrologic Response Units (HRUs) that consist of homogeneous land use, management, topographic and soil characteristics that are not spatially defined within the model. Flow generation, sediment yield, and non-point-source loadings from each HRU in a subwatershed are summed, and the resulting loads are routed through channels, ponds, and/or reservoirs to the watershed outlet. Key components of SWAT include climatic inputs, hydrology, plant growth, soil erosion and sediment transport, nutrient cycling, transport and transformation, pesticide transport and management practices.
Several enhancements were built into SWAT2005 (used by Gassman, 2008) , at the time of formal public release which requires the use of an RCN coefficient or depletion coefficient denoted as CNCOEF (Kannan et al., 2008) , and (2) an improved empirical approach for simulating subsurface tile drain functions that was developed by Du et al. (2005; and further modified by Green et al. (2006) . This tile drainage estimation method is computed as a function of tile drain depth, the time required to drain the soil to field capacity, lateral flow time, drain tile lag time and an impervious layer depth. Both of these algorithms are key components of the SWAT application reported in this study and are described in detail in the current SWAT theoretical documentation (Neitsch et al., 2011) .
SWAT version 2012 (SWAT2012), Revision 615 is the specific version of SWAT used in this study and is the same version used in the other CenUSA SWAT applications Panagopoulos et al., 2017) . The perennial biofuel crop modifications reported by Trybula et al. (2015) and SWAT algorithm improvements related to simulating corn stover removal (Cibin, 2013) Belt region. The Shawnee switchgrass parameters build on previous upland switchgrass cultivar development by Kiniry et al. (2008; and are more realistic crop parameters for SWAT Corn Belt applications versus the lowland switchgrass cultivar Alamo parameters that have been the only switchgrass parameters available to date in the SWAT crop parameter database (Neitsch et al., 2004; Arnold et al., 2012a) .
The corn stover removal improvements (Cibin, 2013) consisted of correcting algorithms that were not: (1) computing stover removal correctly when using the harvest override management option in SWAT for stover harvest after grain harvest, and (2) accounting correctly for the amount of nitrogen removed in the stover. These improvements were incorporated in corn stover removal scenario results reported by Cibin et al. (2012; 2016; .
Input Data and Assumptions
The required baseline BRW SWAT model input data are described in detail in Gassman The distribution of tillage practices was collected as part of the 2005 field-by-field reconnaissance and was categorized as conventional (< 30% residue cover), mulch (30% < residue cover < 90%) or notill (> 90% residue cover). Nearly 95% of the row crop area was classified as being managed with mulch till which is reflected in the tillage distribution incorporated in the SWAT applications for this study. The field-level survey also revealed that about 4,000 ha of cropland were treated with conservation practices such as grassed waterways, contouring and contour buffers, and/or field borders (Gassman, 2008) , indicating that the use of such practices is limited in the BRW.
The fertilizer and manure nutrient application rates used for the baseline simulation are listed in Table 4 derived from an algorithm that took into account the location of each livestock operation (Gassman, 2008) . The current application algorithms result in 50% of the cropland planted to corn receiving both fertilizer and manure applications on an annual basis, due to the excess amount of available nutrients in the BRW, as described in further detail in Gassman (2008) .
These cropland nutrient inputs were applied as a function of crop rotation (Table 4) 
RCN, Tile Depth, and Impervious Layer Depth Considerations
A limited number of previous SWAT studies report the application of the alternative ETbased RCN approach (Green et al., 2006; Kannan et al., 2008; Gassman 2008; Atmaya and Jha, 2011; Yen et al., 2015; Ikenberry, 2017) . Almost all of these studies concluded that the alternative ET-based RCN method produced more accurate estimates than the traditional RCN approach, based on graphical and statistical evaluations of streamflow results. However, uncertainty is reflected in some of these previous studies regarding the appropriate choice of the Plant ET Curve Number Coefficient (CNCOEF) value, which is defined in Neitsch et al. (2011) as the "ET weighting coefficient used to calculate the retention coefficient for daily curve number calculations dependent on plant evapotranspiration". Thus, the CNCOEF value was determined on the basis of a sensitivity analysis for this study (see Supporting Information).
A tile drain depth (DDRAIN) of 1,200 mm was simulated for the BRW study, which is consistent with other several other previous SWAT studies performed in the region (Jha et al., 2007; Schilling and Wolter, 2009) (Du et al., 2005; . The exact depth of an impermeable layer within the BRW system is not known and may range considerably across the watershed. Thus the DEP_IMP depth was determined on the basis of a sensitivity analysis described in the Results section.
SWAT Calibration and Validation
A model testing approach was used in this study that incorporates aspects of previously proposed SWAT testing protocols (Nair et al., 2011; Arnold et al., 2012b) 
Description of Bioenergy Cropping Scenarios
The BRW bioenergy cropping scenarios were simulated for the same 30-year period (1984 to 2013) that was used for the baseline testing. Twenty perennial biofuel crop, corn stover removal or combination scenarios were simulated (Table 5 ). The depiction of perennial biofuel switchgrass. Both 20% and 50% corn stover removal scenarios were also simulated to ascertain the environmental impacts of differing amounts of remaining corn residue protection on cropland landscapes.
Each perennial biofuel crop or corn stover removal scenario was executed for four different subsets of cropland: all cropland, tile drained cropland, ≥ 2% slope and ≥ 7% slope, which comprise 100%, 83%, 17% and 1.4% of the overall cropland (Table 5 ). The tile drained cropland (≤ 2% slope) is the dominant BRW cropland landscape and is very vulnerable in the sense of excessive nitrate export as previously discussed. The targeting of higher sloped land accounts for more erosive conditions that would be expected for cropland landscapes characterized by higher slopes. The introduction of stover removal on higher sloped cropland is somewhat counter-intuitive due to the greater erosion potential of cropland that ≥ 2% slope.
However, the inclusion of these "targeted scenarios" provides a basis for comparison with the perennial biofuel crop scenarios and useful insight regarding the vulnerability of the higher sloped cropland to management systems that incorporate corn stover removal.
Considerable uncertainty exists regarding the optimal nitrogen fertilizer inputs for various perennial biofuel crops (Parrish and F ike, 2005: Brouder et al., 2009; Cadoux et al., 2012) . For example, review studies conducted in a European context report that little or no nitrogen fertilizer is required to achieve maximum Miscanthus production levels (Lewandowski et al., 2007; Zub and Brancourt-Hulmel, 2009; McCalmont et al., 2015) . This finding has also been echoed by specific field studies in the U.S. Davis et al., 2015) . However, other studies conducted in Illinois reveal that Miscanthus biomass yields increased due to nitrogen fertilizer inputs (Wang et al., 2012; Arundale et al., 2014 The baseline nitrogen and phosphate (P2O5) fertilizer application rates were adjusted for the simulated corn stover removal scenarios, similar to the reported by Cibin et al. (2012) to replenish nutrients lost in the removed corn stover. The simulated supplemental corn stover nitrogen and P2O5 application rates were based on rates reported by Cibin et al. (2012) , which resulted in adjusting the baseline nitrogen fertilizer application rate by 8% and the baseline P2O5 application rate by 9% to provide the expected needed additional nutrient inputs to replace the nutrients extracted from the soil due to the removed corn stover.
The manure nitrogen and phosphorus applied to 50% of the baseline cropland was also applied to the same cropland parcels, at the application rates listed in Table 4 , for all of the bioenergy cropping scenarios (Table 5 ). These additional manure nutrient inputs are clearly in excess of the crop nutrient requirements, especially for switchgrass and Miscanthus, based on the literature review and expert opinion discussed above. However, the manure nutrients were incorporated in the bioenergy scenarios to maintain a consistent basis of comparison with baseline conditions and also to logically represent the fact that livestock production would not be eliminated in the BRW.
Results and Discussion
Biofuel Cropping System Scenario Results Table 6 lists the estimated BRW bioenergy scenario streamflows and pollutant loads relative to the counterpart baseline levels for the 30-year (1981 to 2013) simulation period. The results reveal that the perennial biofuel crops are predicted to have substantial impacts on both streamflow and pollutant losses, resulting in reductions of pollutant losses of well over 50% for some perennial crop-pollutant constituent combinations. It can also be discerned that the effects of the stover removal scenarios were relatively minor overall on both streamflow and pollutant losses. The effects of these scenarios are described in more detail below in terms of percentage impacts.
The results further underscore that nitrate is the dominant pollutant of concern in the BRW, which exceeded an estimated 5 million kg annually for baseline conditions. The nitrate load comprises 90% of the overall nitrogen load discharged from the outlet and is roughly 1 to 2 orders of magnitude greater than the other nutrient constituent loads listed in Table 6 . The predicted baseline export from BRW landscapes (HRUs) averaged 24.5 kg ha -1 , with over 90% of the nitrate loss occurring through subsurface pathways. The majority of the nitrate was discharged via subsurface tile drains, which comprised slightly more than 70% of the total exported nitrate load. Establishment of miscanthus and switchgrass across all cropland landscapes resulted in respective per hectare reductions of nitrate loss relative to the baseline of 84% and 40%.
The average annual predicted baseline sediment load of approximately 209,000 t ha -1 and corresponding scenario sediment loads reflect a relatively low amount of sediment export for a system that drains over 2,300 km 2 . This is further confirmed by the baseline land parcel sediment loss rate of 0.6 t ha -1 which is well below the typical soil loss tolerance levels of 2 to 5 t ha -1 established for most U.S. soils (Womach, 2005) . These effects are consistent with the dominant low slope and mulch tillage practices that characterize BRW baseline conditions. The adoption of miscanthus and switchgrass on all cropland HRUs results in the virtual elimination of eroded sediment, resulting in predicted per hectare soil loss rates of <0.01 t ha -1 for both bioenergy crops. Similar impacts were predicted for sediment bound nitrogen and phosphorus losses.
Impacts of Perennial Biofuel Crops
Figure 2 underscores the substantial environmental benefits of adopting Miscanthus or switchgrass on either all of the BRW cropland or on the cropland that is managed with tile drains (Table 5) . Adoption of Miscanthus and switchgrass on all cropland results in relatively large reductions in streamflow of 33% and 22% which could have negative ramifications for water management in the BRW, especially if future climate conditions were characterized by lower precipitation inputs. In general huge pollutant loss reductions were predicted including a reduction in sediment loss of over 70% and nearly 100% elimination of organic nitrogen and organic phosphorus losses in response to widescale adoption of both crops. The predicted reduction of nitrate was much higher for Miscanthus (84%) compared to switchgrass (40%).
However, greater reductions in mineral phosphorus losses were predicted for switchgrass adoption (58%) versus adoption of Miscanthus (47%).
The adoption of the two perennial biofuel crops on just tiled cropland results in impacts on sediment, organic nitrogen, and organic phosphorus losses that are 30% to 40% less relative to adoption on all cropland, reflecting the fact that larger erosion and sediment-bound nutrient losses occur on higher sloped landscapes that are not tiled drained. The impacts of Miscanthus and switchgrass adoption on tile drained cropland also resulted in lower overall impacts on nitrate and mineral phosphorus losses, as compared to adoption on all cropland, but the declines in predicted impacts were not as great as the sediment-related indicators due to higher losses of the soluble forms of both nutrients from the lower sloped landscapes. Figure 3 shows the impacts of targeting the two perennial biofuel crops on higher sloped cropland that equals or exceeds either a 2% slope or a 7% slope, equivalent to 17% and 1.4% of the total cropland (Table 5 ). The predicted impacts of these targeted perennial biofuel scenarios are considerably lower relative to those shown in Figure 2 as expected. For example, the predicted declines in streamflow ranged from just 0.5% to 6% for the four combinations of perennial crops and slope constraints. Reductions of nitrate and mineral P were estimated by SWAT to be mostly about 9 to 10%, although Miscanthus was predicted to reduce nitrate losses by 17% when planted on all slopes ≥ 2%. However, reductions of sediment, organic nitrogen, and organic phosphorus were predicted to range between 28% and 32% when Miscanthus and switchgrass were targeted cropland with slopes ≥ 2%, revealing the greater erosive vulnerability of the higher sloped cropland.
Impacts of Stover Removal Scenarios
In contrast, dramatically different results occurred when 20% or 50% corn stover removal was simulated in SWAT for the same four types of categories (Table 5 ); i.e., adoption on all cropland, tile drained cropland or higher sloped cropland (≥2% or 7%) when planted to corn (Figures 4 and 5) . The predicted overall impacts of the corn stover removal scenarios are very minor. The largest increases in pollutant losses were predicted for organic phosphorus and mineral phosphorus, both of which increased roughly 2% for the 20% removal scenario and 5%
to 8% for the 50% removal scenario when corn stover removal was simulated for all cropland planted to corn. Other predicted increases in pollutant losses were very small at the watershed level when 20% or 50% stover removal was simulated only for slopes ≥ 7%.
However, these higher slopes exhibited greater vulnerability relative to other BRW cropland landscapes; e.g., roughly 15% of the overall cropland sediment loss for the 20% and 50% stover removal scenarios was attributed to landscapes with slopes ≥ 7%, which cover only 1.7% of the land area. This underscores the need for evaluating the potential to exacerbate pollutant losses from sensitive cropland landscapes when implementing corn stover removal practices and similar systems. The impacts on nitrate were actually shown to be a benefit, with predicted nitrate loss reductions ranging from 0% to 8% depending on the amount of stover removal and the amount of cropland that the stover removal was applied to. However, small decreases in corn yields occurred which implies that the amount of replacement nitrogen fertilizer applied for the stover removal scenarios needs to be increased, to maintain baseline corn yield levels. In general, these scenario results demonstrate that corn stover removal would be a sustainable practice if it were to be adopted on a wide scale within the BRW.
The results of the final set of scenarios simulated in SWAT are shown in Figure 6 , which consisted of simulating Miscanthus or switchgrass on cropped landscapes ≥ 2% in combination with corn stover removal adoption on tiled drained cropland (Table 5 ). The predicted effects of these combination scenarios on streamflow were relatively minor, with resultant reductions in the range of 4% to 7%. The predicted reductions of sediment, organic nitrogen, and organic phosphorus ranged between 25% and 31% and were similar for all four scenarios. The estimated declines in losses were about 2% to 4% greater when corn stover removal was limited to 20% as compared to 50% corn stover removal, confirming the slightly higher soil erosion vulnerability for higher sloped BRW landscapes that occurs with larger amounts of corn stover removal as discussed above. The predicted decline in nitrate losses was nearly 24% for the scenario of Miscanthus grown on higher sloped land parcels in combination with tiled cropland managed with 50% corn stover removal. The other three similar combination scenarios resulted in estimated reductions of nitrate between 10% and 18% (Figure6). In contrast, the predicted reductions in mineral phosphorus for the combined Miscanthus and corn stover removal scenarios were virtually identical to the effects on mineral phosphorus estimated in response to counterpart combinations of switchgrass and corn stover removal ( Figure 6 ).
Discussion of Bioenergy Crop Scenarios
Only one previous study in the western Corn Belt region accounted for the effects of implementing switchgrass, Miscanthus and corn stover removal bioenergy cropping systems (Wu and Liu, 2012;  They performed scenarios representing conversion of 10% of the corn production area (4% of the entire basin) or conversion all of the grassland area (5.7% of the entire basin) into either switchgrass or Miscanthus production, and adoption of corn stover removal on 40%, 80% and 100% of the Iowa River basin cropland. A key aspect of all of their scenarios was the use of the SWAT auto-fertilization routine for representing nitrogen applications on the corn, switchgrass
and Miscanthus bioenergy crops.
Perennial Bioenergy Crops
Wu and Liu (2012) report that respective sediment decreases of 4.5% and 0% occurred for both perennial bioenergy crops in response to the 10% conversion from cropland managed with corn and conversion of all grassland. Switchgrass and Miscanthus also resulted in very similar sediment reduction impacts in this study for a given scenario but the relative magnitude of the impacts (on the basis of overall annual average percentage reductions) was much greater for converted cropland in the BRW scenarios ( Figure 3 and Table 5 ). Wu and Liu (2012) further found a slight decrease in nitrate loss of 1.6% when switchgrass was adopted on 10% of the corn areas versus no decrease for the same 10% conversion of corn to Miscanthus. The results of predicted nitrate losses for the BRW were the opposite of those estimated by Wu and Liu; i.e.,
Miscanthus resulted in considerably higher reductions of nitrate of as much as 100% as compared to switchgrass (Figures 2, 3 and 6 ).
Wu and Liu also report that conversion of grassland to switchgrass and Miscanthus resulted in nitrate increases of roughly 1% and 5%, respectively, due to total annual average simulated nitrogen fertilizer inputs of 24 kg ha -1 for switchgrass and 157 kg ha -1 for Miscanthus versus no nitrogen fertilizer inputs for the baseline grassland areas. They further note that the higher nitrogen rate applied for Miscanthus was due to much higher biomass predicted for
Miscanthus as compared to switchgrass. Their simulated applied nitrogen for Miscanthus is a factor of 3 higher than the Miscanthus nitrogen fertilizer application rate used in this study (Table 5 ). However, both perennial crops showed a relatively high sensitivity to the manure nutrient inputs for the BRW, which boosted average annual watershed-level Miscanthus yields by slightly over 6 t ha -1 and switchgrass yields by about 1.3 t ha -1 , compared to sensitivity runs that excluded the manure nutrient inputs. This resulted in total simulated BRW 30-year (1984 to 2013) average annual Switchgrass and Miscanthus yields of 12.3 and 25.3 t/ha when all of the cropland were converted to either of the two bioenergy crops. The increased perennial biomass yields in response to the manure nitrogen inputs are questionable, especially for miscanthus.
These results indicate that the SWAT crop growth algorithms may be responding in an unrealistic manner to high levels of nitrogen inputs and that further modifications to the code may be needed beyond the work of Trybula et al. (2015) .
To date, only a limited set of field studies have been reported in the literature that compare pollutant exports from both switchgrass and Miscanthus for the same environmental conditions, time period, fertilizer application rates, and other management practices (McIsaac et al., 2010; Smith et al., 2013; Montgomery, 2015; Ferchaud and Mary, 2016) . These studies ranged in length from 2 to 7 years, showed low levels of exported nitrate from both switchgrass and Miscanthus, and further found that switchgrass generally resulted in a stronger reduction of leached nitrate than Miscanthus. The latter result is the reverse of what was found in this study and two of the three other watersheds analyzed within the overall CenUSA initiative . The BRW results and other CenUSA analyses may reflect the potential of Miscanthus to scavenge large amounts of nitrates over long periods of time that have not been confirmed in field research yet. However, this lack of consistency between the predicted outcomes versus available field research also underscores the need for future research that further investigates the response of perennial biofuel crops to nitrogen within the SWAT crop growth algorithms.
Corn Stover Removal
Wu and Liu (2012) further report decreases in water yield and nitrate export, and increases in sediment transport, in response to the corn stover removal scenarios performed for 40%, 80% and 100% of the Iowa River basin cropland. The found that predicted sediment yield increased by about 5% when 40% of the corn stover was removed (with considerably higher sediment loss increases predicted for the 80% and 100% corn stover removal scenarios) and that nitrate loads would decrease between 6 to 10% for the three stover removal scenarios. Similar results in response to corn stover removal scenarios were reported for other previous studies performed in the western Corn Belt ( Table 1 ) that pre-date the SWAT code modifications described in the Description of SWAT subsection and in the Supportin Information.
The predicted effects of the corn stover removal scenarios for the BRW (Figures 4 and 5) and related CenUSA studies summarized by Kling et al. (2017) generally mirror the relative trends reported by Wu and Liu (2012) , Demissie et al. (2017) and other studies listed in Table 1 that were performed without the revised algorithms described in the Supporting Information.
However, sensitivity analyses comparing the original corn stover removal algorithms in SWAT (from SWAT2012, Revision 589) versus the revised algorithms (SWAT2012, Revision 615) used in this study reveal that the revised algorithms result in additional impacts on predicted nutrient indicators, especially nitrogen removal in harvested stover biomass (results are shown in the Supporting Information). It was also found that the estimated baseline annual average corn yield of 10.6 t/ha dropped to 10.1 t/ha and 10. 4 t/ha for the 20% and 50% BRW corn stover removal scenarios, respectively. This indicates that more supplemental nitrogen inputs are needed for the corn stover removal scenarios to maintain baseline corn yield levels.
Conclusions
Total conversion of BRW cropland to switchgrass and Miscanthus would virtually eliminate sediment-bound nutrients (organic N and organic P), reduce sediment losses by over 70% and reduce soluble nutrients (nitrate and mineral p) between 40% to 84%. Placement of switchgrass and Miscanthus on tiled drained landscapes (83% of the cropland area) would result in reductions of nearly 70% for sediment-bound nutrients, roughly 45% for sediment and 31% to 68% for soluble nutrients. However, a potential drawback of such wide scale adoption of switchgrass and Miscanthus are predicted average annual streamflow declines 18% to 33%.
More realistic targeting of the perennial biofuel crops on cropland landscapes with slopes ≥ 2% (17% of the cropland area) resulted in relatively large estimated reductions of sediment and sediment-bound nutrient losses of 28% to 32%. Reductions of soluble nutrients were less beneficial although Miscanthus was predicted to reduce nitrate losses by 17% for cropland parcels ≥ 2% slope. Targeting of the two perennial biofuel crops on high sloped cropland ≥ 7%
(1.4%) of the cropland area resulted in proportionally high reductions of sediment and sedimentbound nutrients of 6% to 8%, but negligible impacts on nitrate and mineral P. Targeting of switchgrass and Miscanthus on landscapes ≥ 2% or 7% clearly demonstrated the increased vulnerability of higher sloped areas to water erosion.
The introduction of corn stover removal in the BRW was predicted overall to result in minimal environmental impact. The highest predicted pollutant loss increases occurred for a 50% corn stover scenario that resulted sediment, organic nitrogen, organic phosphorus and mineral phosphorus losses of 2% to 8% for adoption on all cropland or tile drained cropland. The predicted impacts of a 20% corn stover removal scenario were generally negligible for the corresponding pollutant indicators. The estimated impacts of all eight stover removal scenarios on streamflow and pollutant losses for "targeted higher sloped landscapes" were also negligible and the impacts on nitrate losses were predicted to be beneficial declines ranging up to 8%
reductions. However, the nitrate benefits may be overstated due to a probable need to increase supplemental nitrogen inputs to maintain baseline corn yields.
Combined scenarios of perennial biofuel crops targeted on landscapes ≥ 2% and corn stover removal adoption on tile drained cropland reflect a likely ideal approach to introducing biofuel cropping systems to the BRW, resulting in relatively high reductions of predicted losses of 15% to 31% for most of the pollutants and minimal impacts on streamflow.
Overall, the results indicate that perennial-based and corn-based cellulosic biofuel cropping systems are promising options for the BRW and similar watersheds in the Corn Belt region, due to the respective enhanced or limited environmental impacts that would be expected.
However, questions have also emerged in this study as to the possibility that SWAT may be overpredicting perennial biofuel crop yields and nutrient loss mitigation impacts in response to excess nitrogen inputs, especially for Miscanthus. This concern points to the need for continued research to determine whether further modifications are needed to the SWAT code to improve the model's accuracy for simulating perennial biofuel crops for watersheds characterized by conditions similar to the BRW.
Supporting Information
Additional supporting information may be found online under the Supporting Information tab for this article: (1) SWAT calibration and validation; (2) revisions to harvestop.f subroutine in SWAT2012, Revision 615 to correct problems regarding representation of corn stover removal scenarios; and (3) an example comparison of the results of simulating corn stover removal using the previous harvestop.f algorithms versus the revised algorithms in Revision 615. Gassman et al. (2008) b Animal unit equivalencies: swine = 0.4; cattle = 1.0; layer chickens = 0.01 c 97 are finishing operations and the other 12 are gestating/nursery operations. . The predicted impacts of adopting 20% corn stover removal on cropland planted to corn for all BRW cropland, BRW cropland managed with tile drains, or BRW cropland that equals or exceeds a 2% slope or a 7% slope. Figure 5 . The predicted impacts of adopting 50% corn stover removal on cropland planted to corn for all BRW cropland, BRW cropland managed with tile drains, or BRW cropland that equals or exceeds a 2% slope or a 7% slope. Figure 6 . The predicted impacts of targeting Miscanthus or switchgrass to BRW cropland that equals or exceeds a 2% slope in combination with adopting 20% or 50% corn stover removal on BRW cropland managed with tile drains.
